An adaptive unstructured mesh finite element (FE) procedure is presented for improving the quality of numerical solutions to the magnetotelluric forward problem in a general 2-D anisotropic conductivity structure. We implement a self-adaptive, goal-oriented grid refinement algorithm in which a finite element analysis is performed on a sequence of refined meshes. The mesh refinement process is guided by a dual error estimate weighting to bias refinement towards elements that affect the solution at the EM receiver locations. We validate the finite element code against a layered 1-D model with a sea water layer. Further, we compare the FE results with those obtained by a finite-difference (FD) scheme for both a block seamountain and a sea bottom hill model. Both FE and FD schemes show very good agreement for the block seamountain model. For the sea bottom hill model, however, only on the flat seafloor segments both the FE and FD solutions fit very well, but on the seafloor slope, FD results are oscillating due to a simplistic staircase approximation of the bathymetric undulations. The FD scheme for 2-D anisotropic conductors, developed primarily for the modelling of magnetotelluric data on a flat Earth surface, is thus not an adequate tool for dealing with structures with sloping bathymetry and topography, whereas the FE method with adapting mesh can easily handle such structures at almost any level of complexity.
I N T RO D U C T I O N
Electrical anisotropy is recognized as an important factor, in attempts to understand magnetotelluric (MT) observations. To give a few examples, the Mantle Electromagnetic and Tomography (MELT) experiment (Evans et al. 1999 (Evans et al. , 2005 in the fast spreading southern East Pacific Rise revealed the pronounced electrical anisotropy in the lower crust and the upper mantle. The MT measurement from the New Zealand Southern Alps suggests that the average conductivity of the lower crust conductive zone seems to be much higher than that across the strike and may present anisotropy (Wannamaker et al. 2002) . At the South Chilean continental margin, all real induction vectors, at long periods of approximately 3000 s, point systematically NE for all sites in the survey area, and this behaviour can be explained by 2-D models with an anisotropic layer in the continental crust (Brasse et al. 2005) .
For a common modelling practice, Pek & Verner (1997) presented a finite difference algorithm for MT responses over 2-D anisotropic media. This algorithm has been extended to include topography and bathymetry (Pek & Toh 2000) , where the topography and bathymetry are approximated by simple staircase functions. A finite element code for modelling MT fields in 2-D anisotropic structures was published by Li (2002) . Recently, 3-D direct modelling codes for anisotropic conductors have been presented, for example, by Weidelt (1999) , Wang & Fang (2001) , Weiss & Newman (2002) and Hou et al. (2006) .
Modelling of sea bottom MT data puts special demands on the numerical algorithms. The seafloor MT fields from the MELT experiment are strongly distorted by the rugged mid-ocean ridge rise (Baba et al. 2006) . The topography presents numerical difficulty, because one must simultaneously resolve both the smallscale bathymetry that produces distortion and the much larger-scale conductivity structures of underlying mantle (Baba et al. 2006) . Moreover, the huge conductivity contrast between the highly conductive sea water and the resistive underlying seafloor can also cause numerical difficulties. These difficulties may be overcome when an unstructured mesh is employed (Franke et al. 2007) , which can accommodate small-scale structures using small elements and large-scale structures using large elements in the same grid.
In this paper, we revisit the 2-D MT forward problem in a general anisotropic structure and present a new FE procedure. Our new code implements a fully unstructured triangular mesh, which readily allows us to model complex structures such as topography, bathymetry, dipping layers and so on. We have also incorporated a self-adaptive grid refinement technique, based on the dual error estimate weighting (Ovall 2006) , in which the global influence on the local error is taken into consideration. This method has been recently shown to be effective for the 2-D MT (Key & Weiss 2006) and marine controlled-source electro-magnetic (CSEM) forward problems (Li & Key 2007) .
The paper is organized as follows. We briefly describe the finite element approximation of the MT forward problem in 2-D anisotropic Earth media. We then present the adaptive grid refinement scheme and validate the code against the 1-D model with a sea water layer. In the subsequent section, we discuss two simple marine MT examples and compare the performance of both the FE algorithm presented in this paper and the previously developed FD scheme (Pek & Toh 2000) . Finally, we present a model of a hypothetic onshore volcano with rough topography undulation and illustrate the capability of the presented FE code for modelling complex conductivity structures.
F I N I T E E L E M E N T A P P RO X I M AT I O N
The finite element (FE) approximation of 2-D MT fields, in generally anisotropic conductivity structures is only summarized here, the reader is referred to Li (2002) for all the details. We consider a 2-D model with an invariant conductivity in the structural strike direction parallel to the x-axis of a Cartesian system of coordinates, with the positive z-axis pointing downwards. Assuming a time variation e iωt , the governing equations for electromagnetic field in the quasi-stationary approximation are
where
is the electric conductivity tensor. In the Earth, this tensor is symmetric and positive definite, thus characterized by only six independent components. The tensor can be rotated into its principal axes and then can be described by its three principal values σ x , σ y and σ z and the corresponding three Euler angles α s (strike), α d (dipping) and α l (slant). For the 2-D conductivity model, eqs (1) and (2) can be combined to yield two coupled second-order partial differential equations for the strike-parallel components E x and H x :
To solve for the unknown fields E x and H x , inhomogeneous boundary conditions are applied on the outer boundaries of the model, constructed from 1-D solutions for the corresponding layered media at the left-and right-hand side of the 2-D model. Classical solutions of boundary value problems of partial differential equations may not exist, even for smooth data (Han 2005) . The development of the theory of Sobolev spaces and weak formulations eliminates this problem and provides a general framework to derive numerical methods (Han 2005) . The weak formulation of the boundary value problem of the partial differential eqs (4) and (5) is derived as follows. First, multiply eqs (4) and (5) by an arbitrary function δ E x and δ H x , respectively. Next, integrate the resulting equations over a model realm and perform integration calculations by using Green' s formula and substitute the boundary conditions (Li 2002) , yielding
∇δ
Using the inner product notation, eqs (6) and (7) can be expressed as
For eq. (6):
For eq. (7):
The model area is subdivided into triangular elements. The integrals in eqs (6) and (7) thus decompose into integrals for each triangle element. We assume that in each triangular element, both the electric and magnetic fields (E x and H x ) vary linearly and can be approximated by linear interpolation functions. Then the area integrals in eqs (6) and (7) over an element can be analytically evaluated. The integrals over all triangular elements can be assembled together to form the global FE system of equations
where u is the column vector of order of 2n d (n d is the total number of vertices in ), consisting of the strike-parallel components E x and H x at all vertices. The global matrix K is sparse, symmetric and singular. In other words, the equation system (13) has no unique solution without the incorporation of appropriate boundary conditions. To obtain a unique solution, the electric and magnetic field values on the outer boundary must be incorporated in eq (13). Note that the symmetry of the global matrix must be preserved in the implementation of the Dirichlet boundary conditions. We adopted the following approach. The off-diagonal entries of each row corresponding to a Dirichlet boundary node in the global matrix and the diagonal entry of that row, respectively, are replaced by 0s and 1, and the entry in the row corresponding to that boundary node in the zero column matrix of the right-hand side of eq. (13) is assigned the given value on that boundary node. To preserve the symmetry of the global matrix, the off-diagonal non-zero entries in the column corresponding to that boundary node in K are also replaced by zeros. This requires that the entries of the rows corresponding to the internal vertices in the zero column matrix must be modified and they are replaced by the negative boundary value on that boundary node times the elements of the corresponding column vector of K. This approach has the advantages of not changing the number of equations and hence simplifies the implementation of the Dirichlet boundary condition. The disadvantage of the procedure is that the system of equations contains some trivial equations corresponding to the outer boundary vertices.
Once the strike-parallel field components E x and H x are obtained, the other two electric components E y and E z as well as two magnetic components H y and H z can be determined by spatially differentiating:
In a MT survey, receivers are placed on the air-Earth surface for land MT or on the seafloor for marine MT and hence follow the local slope. If a receiver lies on a flat surface, it measures the horizontal and vertical components of the electric and magnetic fields. If a receiver lies on a local slope, it measures the electric and magnetic components along the slope (E and H ) and perpendicular to the slope (E ⊥ and H ⊥ ). The corresponding horizontal and vertical components can be derived by
where φ is a slope angle with respect to the horizontal axis y.
A P O S T E R I O R I E R RO R E S T I M AT I O N A N D A DA P T I V E G R I D R E F I N E M E N T
The weak eqs (6) and (7) can be discretized and solved on a pregenerated, fixed finite element grid. However, the quality of the resulting numerical solution depends largely on the underlying mesh. The design of a reasonable mesh may present difficulty. Adaptive finite element methods can automatically improve mesh design and offer reliable solution at a reasonable computational cost. This algorithm starts with a coarse mesh, and successively refined meshes are generated according to a posteriori error estimator, which assesses the accuracy of the FE solution. A variety of a posteriori error estimates has been proposed last decades, see the monographs by Ainsworth & Oden (2000) and Han (2005) for overview of this field. In this paper, we use the dual error estimate weighting (Oval 2004 (Oval , 2006 in which the global influence on the local error is taken into consideration. This method has been recently shown to be effective for the 2-D MT (Key & Weiss 2006 ) and marine CSEM forward problems (Li & Key 2007) . After the solution on a coarse mesh is obtained, the error for each element is calculated bŷ
with
where I is the identity operator and ∇u h is the gradient of a FE solution u h . R is a gradient recovery operator and ∇w h is the FE solution gradient of the dual problem. The details about the derivation of eq. (21) are given in Appendix A.
In our implementation, we refine 5 to 10 per cent of elements with the largestη e values. The refinement of triangles is carried out by calling Triangle (Shewchuk 1997 (Shewchuk , 2002 , an automatic 2-D Delaunay generator. The areas of the triangular elements selected for refinement are reduced by at least 50 per cent of their current sizes, and the inner angles of the elements are required to be larger than 25
• to avoid generating sliver shaped elements, which could degrade the accuracy of the FE solution. After an improved mesh is generated, the problem is solved again on the new mesh and the error indicatorη e is updated. This process is repeated until the required level of accuracy is achieved.
The convergence of the FE solution is measured by computing the rms and the relative difference of the off-diagonal apparent resistivities and phases on the current and previous mesh at the receiver locations. The relative difference δ p and the rms is defined as
where n = 4 × ns is the total number of the off-diagonal apparent resistivities and phases to be obtained and ns is the number of receivers. Mesh refinement iteration stops when either the given maximum level of refinement is reached or both the rms and the maximum of the relative difference δ p fall below pre-specified thresholds, which are chosen to be 1 per cent for all model tests in this paper.
VA L I DAT I O N O F T H E A DA P T I V E F I N I T E E L E M E N T C O D E
To validate the new adaptive finite element algorithm, we examined a 1-D model and compared the computed results with the analytical solution. The test model consists of 1 km of 0.3 -m sea water, a 1000 -m seafloor and a 15-km thick anisotropic layer at 7 km depth. The resistivity tensor of the anisotropic layer is given by the principal resistivities ρ x /ρ y /ρ z = 10/100/10 -m with a strike angle α s = 30
• . We calculated MT responses on the seafloor for 21 periods between 10 and 10 5 s, five periods per decade. A model domain of 200 km width and 200 km height was initially discretized into 1740 triangular elements with 892 vertices. Adaptive refinement iteration was set to refine 5 per cent of elements with largest error indicator, which was computed at a period of 100 s. The solution converged to a rms of 0.8 per cent and maximum relative difference for off-diagonal MT responses of 1.5 per cent after 35 mesh refinements. The final mesh, consisting of 51 783 vertices and 101 336 triangular elements was also used to calculate the MT responses at the remaining 20 periods. The full components of both the apparent resistivity and the phase obtained by the FE method (symbols) on the 100 s optimized grid are shown in Figs 1(a) and (b). The 1-D analytical solution (solid line) is also shown for comparison. It is seen that the FE algorithm provides accurate results over the whole range of periods considered here. The relative deviation between the numerical and analytical apparent resistivity is less than 1 per cent at periods from 10 s to 3 × 10 3 s (Fig. 1c ) and the error in phase is less than 1
• at periods from 10 s to 4 × 10 4 s (Fig. 1d) . At periods larger than few thousand seconds, however, the misfit becomes large and the accuracy of the numerical results decreases. This indicates that the refined grid, scaled by using 100 s responses, is not the best one for calculating MT responses at long periods.
Adaptive grid refinement iteration was done once again, but at a period of 10 4 s. The rms and the maximum relative difference of MT responses converged to 0.4 and 0.7 per cent, respectively, after 34 grid refinements. In Figs 2(a) and (b), errors between the 1-D analytical solution and the numerical results computed by using the 10 4 s optimized grid are shown. At periods larger than 10 3 s, the relative error in the apparent resistivity and the absolute error in phase are less than 2 per cent and 0.5
• , respectively. At periods shorter than few hundred seconds, however, errors are large and the accuracy of the numerical results is poor. The above numerical examples show that finite element grids have the period dependence and the single grid for ensuring accurate solutions for the whole range of periods does not exist. To obtain accurate FE solution, the ideal procedure is to use the adaptive refinement for each period. However, this method requires more computer time. Numerical experiments show that the FE algorithm can provide very accurate results when a refined grid is used to compute the MT response for one decade of periods on both sides of the refined period. We used the 10 2 and 10 4 s refined grids to compute MT responses at periods from 10 to 10 3 s and from 10 3 to 10 5 s, respectively, and the deviation to the analytical solution are shown in Figs 2(c) and (d).
N U M E R I C A L E X A M P L E S

A table mountain
The first example shows a simplified bathymetry feature, a table mountain, and has been specifically chosen to make a meaningful comparison possible between the present adaptive FE code and the FD solution, restricted to mesh-aligned boundaries. We consider a three-layer model shown in Fig. 3 . The upper layer is 1 km thick and has a resistivity of 0.3 -m, which approximates sea water. The third layer is an isotropic half-space with a resistivity of 100 -m. Between them is a 6-km-thick anisotropic layer. On the top of the anistropic layer, there is a block elevation of the width of 2 km and height of 0.2 km. An isotropic dipping slab with a resistivity of 100 -m is embedded into the anisotropic layer. The resistivity of the anisotropic layer can be described by a resistivity tensor or three principal resistivities and three Euler angles. Although our code allows for models with varying anisotropic slant, we keep the slant constant of 0
• in the numerical examples, considering the complexity of the MT responses due to strong coupling between the anisotropic strike and slant. For all the model calculations in this section, the horizontal resistivities of the anisotropic layer (ρ x and ρ y ) remain constant and are set to be 1 -m, whereas the vertical resistivity ρ z and the strike angle and dip angle may vary to demonstrate the influence of anisotropy on the MT response.
First, we study the effect of the vertical resistivity of the anisotropic layer on MT responses. For layered conductors excited by a normal plane electromagnetic wave, the vertical resistivity is a principally unresolvable parameter of the medium. It can be only detected through its effect on non-uniform secondary fields arising due to scattering on lateral inhomogeneities within the conductor. It is undoubtedly of great importance to understand how the scattered fields may behave at contacts between the sea water and stacked layers of possibly anisotropic sediments beneath the sea bottom under the influence of both small-scale bathymetric distorters and extensive deeper inhomogeneities. Fig. 4 shows the apparent resistivity (top row) and phase (bottom row) curves along the seafloor for two vertical resistivities (ρ = 1 and 10 -m) at two periods of 10 and 100 s. The dashed lines indicate the MT response computed by the FE scheme and the asterisks indicate the results obtained by using the previously developed FD code (Pek & Toh 2000) , and the fit is excellent. From Fig. 4 , one can see that the TE mode MT curves (i.e. ρ xy and xy ) are independent of the vertical resistivity and are not affected by the vertical anisotropy, whereas the TM mode curves (i.e. ρ yx and yx ) are affected considerably by the vertical resistivity. The topography effect is observed and both modes are clearly affected by bathymetry. TE mode apparent resistivity is smaller above the elevation, whereas TM mode apparent resistivity is bigger above the elevation and has huge jumps at the edges of the elevation. The weak asymmetry of the MT curves with respect to the axis y = 0 is due to the effect of the deep dipping slab.
Though the anomalous MT response due to the seafloor table mountain is rather dramatic, it is only little influenced by the vertical anisotropy of the sea bottom sediments. The relative change of the TM apparent resistivity above the centre of the mountain due to the increase of the vertical resistivity from 1 to 10 -m does not exceed 11 per cent for the two periods considered, and the maximum phase difference is less than 2
• , immediately beyond the block scarps. With the resistive dipping slab introduced, the differences between the TM apparent resistivities still remain small, not exceeding 10 per cent, but the yx impedance phases vary by more than 5
• greater/smaller above/beyond the block, respectively, for the sediments with the increased vertical resistivity of 10 -m, compared with the isotropic case. For the model under consideration, the highly conductive sea water environment generally decreases the effect of the vertical anisotropy of the sediments. The MT responses, analogous to those studied above for a model with the sea layer removed, are generally stronger, particularly above the block.
Next, we consider a general anisotropic case, in which the nonzero anisotropic strike and dip are incorporated into the above vertical anisotropic model. This model simulates a case of sedimentary layers dipping under an arbitrary angle with respect to the structural strike of the model. row) and phase (bottom row) curves along the seafloor for various anisotropy strike α s , and the anisotropy dip is fixed and equals 30
• . The dashed line and the symbol asterisks indicate the MT responses obtained by using the FE and FD codes, respectively. One can see that MT responses for both the TE and TM modes are now affected by the anisotropy, and generally non-vanishing secondary (diagonal) impedances are generated as well, in this case. Note that the diagonal components of the apparent resistivities for both the table mountain model and the sea hill model discussed later are very small (less than 0.3 -m) and are not plotted. By varying the anisotropy strike α s , the principal directions of the equivalent horizontal resistivities ρ h x and ρ h y change in that they follow the anisotropy strike direction. This explains the relatively large differences between the MT curves for different values of α s .
For the above finite element modelling, a model domain of 200 km width and 200 km (including 100 km in the air) height was initially discretized into 1382 triangular elements with 714 vertices. A total of 215 receivers is situated along the seafloor between y = −5 and 5 km. Adaptive refinement iteration was set to refine 5 per cent of elements with largest error indicator calculated at a period of 10 s. For most models, the rms and the maximum relative difference converged to less than 2 per cent, after about 25 grid refinements. For the general anisotropy model with α s = α d = 30
• , for instance, the rms and the maximum relative difference converged to 0.2 and 1.6 per cent, respectively, after 25 grid iterations, resulting in 34 154 triangles and 17 100 vertices. The grid refinement iteration took 200 s and the refined grid required 88 s to compute the MT solutions at both periods of 10 and 100 s.
For the finite difference calculations, we used a grid with 280 and 131 mesh steps in the horizontal and vertical direction, respectively. The air layer was formed of 40 steps, so, 91 vertical steps were there in the conductor. The smallest steps were 50 and 20 m in the horizontal and vertical direction, respectively. The extent of the whole model was about 1600 km horizontally and about 800 km vertically (from those, about 500 km in the air). With these grid parameters, it took about 100 s to compute two periods' MT responses of the general anisotropy model (PC Intel Xeon 3 GHz).
A sea hill
In this subsection, we studied the performance of both the FE and FD codes for models with oblique interfaces. Fig. 6 shows a 2-D model, which is similar to the previous 2-D model in Fig. 3 , but with the seafloor block elevation replaced by a triangle elevation. For the FE modelling, the coarse initial grid consists of 1263 triangular elements with 654 vertices. Adaptive refinement iteration was set to refine 5 per cent of elements with largest error indicator, which was calculated at T = 10 s. For the model with α d = 30
• , the rms and the maximum relative difference converged to 0.2 and 1.5 per cent, respectively, after 29 grid iterations, resulting in a grid of 52 007 elements and 26 026 vertices. The FE simulation including 29 grid refinements took 380 s compute time.
The FD model was designed in the same mesh as the table mountain model above, with the size of mesh being 280 × 131 steps in the horizontal and vertical directions, respectively, covering a model area of 1600 × 800 km. The hill is approximated in a mesh subdomain of 40 horizontal × 20 vertical steps, with the size of each mesh cell being 0.05 × 0.01 km. To check the accuracy of the modelling results, the mesh was further refined by a factor of two in both directions, with the hill geometry unchanged. Refining the mesh increases details in the fields along the treads of the steps, which change considerably due to the nearness of high contrasts at the risers of the steps. A cascade of still finer oscillations can be obtained if the mesh is further refined, producing a channel with an average curve, well consistent with the FE solution. Fig. 7 shows the apparent resistivity and the phase for various anisotropy dip angles. The both TE and TM mode MT responses are significantly distorted by the seafloor elevation. The TE mode apparent resistivity and phase computed by the FE scheme agree very well with those by the FD code. The TM mode MT responses fit well only where the seafloor is flat. On the slopes of the bathymetry elevation, the apparent resistivity ρ yx and phase yx from the FD code are zig-zagged and oscillating around those computed using the FE code, which is a consequence of the FD algorithm allowing us to approximate the seafloor slope by the staircase steps only. Under such a structural approximation, each step represents a contact of highly electrically contrasting media and produces a discontinuity in the MT impedances.
A volcano model with strong onshore topography
We finally present a volcano example that demonstrates the capabilities of the adaptive unstructured mesh FE algorithm for modelling electrical anisotropy structures with strong topography undulations. We consider hypothetical electrical structures roughly corresponding to those of the Mount Somma-Vesuvius volcano complex, which has been studied by direct current, self-potential and MT methods (Maio et al. 1998; Manzella et al. 2000) . We chose a NE-SW profile crossing the volcano and designed a 2-D model shown in Fig. 8 . A shallow sea layer is to the SW. The topography undulates roughly in the central part of the volcano, and the maximum gradient of the slope reaches 45
• . The shallower part of the volcano is modelled as horizontally anisotropic to emulate possible effects of factors related to some shallower volcanic structures, especially radial fractures radiating from the centre of the volcano and possible anisotropy of the hydraulic permeability controlling hydrothermal flows beneath the volcano (e.g. Bonafede & Cenni 1998) . The resistivity tensor of the shallower anisotropy layer is given by the principal resistivities and a strike angle α s and they are set to be ρ x /ρ y /ρ z = 400/100/400 -m and α s = −75
• on the left-hand flank and ρ x /ρ y /ρ z = 15/60/15 -m and α s = 75
• on the right-hand flank of the volcano. The integrated electrical and electromagnetic survey (Maio et al. 1998 ) and the MT investigation (Manzella et al. 2000) showed the existence of a shallow largely conductive zone, closely in correspondence with the Crater of the Somma-Vesuvivs. This conductive zone might be also horizontally anisotropic due to some preferential flow direction of the hot water, and its resistivities are set to ρ x /ρ y /ρ z = 2.5/10/2.5 -m and anisotropy to α s = − 75
• on the left-hand flank and + 75
• on the right-hand flank of the volcano. By using 3-D forward modelling, Manzella et al. (2000) studied the influence on MT responses of a deep magma chamber body with a resistivity of 10 -m and base area of 1 km. We tested similar 2-D bodies and found that their effects on MT responses are hardly seen. According to our 2-D simulations, for the magma chamber body to be sensed by the surface data, it must be shallower by at least 1 km and must have a larger cross-section than that studied by Manzella et al. (2000) .
We calculated the MT responses at periods from 10 −3 to 10 3 s by using the FE code. A total of 100 receiver sites was located at a range from 1.5 to 12.7 km along the topography. A model domain of 120 km width and 200 km height (about 100 km in the air) was initially discretized into 4640 triangular elements with 2346 vertices. The central portion of the starting mesh is shown in Fig. 9(a) . Fine elements were generated near coast to conform the thin sea layer. Adaptive refinement iteration was set to refine 5 per cent of elements with the largest error indicator, which is computed at periods of 0.01, 1 and 100 s. The resulting refined grids were used to compute MT responses in period intervals of 0.001-0.1, 0.1-10 and 10-1000 s, respectively. When using a period of 0.01 s, the rms value and maximum relative difference converged to 0.1 and 0.8 per cent, respectively, after 16 grid refinement and the iteration process was terminated. The final mesh contains 70 720 elements with 35 400 vertices, and its central portion is shown in Fig. 9(b) . The mesh refinement is concentrated in the regions around the topography at y = 1 to 13 km, where MT sites are located and the topography changes roughly. Additional mesh refinement was centred in regions where geometry of electrical bodies changes roughly. Although not shown here, the resulting refined grids from 1 and 100 s periods have similar features. Fig. 10 shows full components of MT impedance on the lefthand flank of the volcano (y = 4 km). The solid lines denote the responses for the anisotropic near-suface structures without the magma chamber body, asterisks indicate the corresponding responses of the equivalent isotropic structures and circles are for both the anisotropic near-surface and the magma chamber body. The influence of the near-surface anisotropy on the MT responses are clearly seen at short periods. The diagonal component ρ yy is significant and huge at all periods, whereas ρ xx is significant only at short periods from 0.001 to about 0.3 s at y = 4 km. The effect of the magma chamber body is clearly seen for the xy-and yy-components. Fig. 11 shows the apparent resistivity and phase curves along the volcano topography at periods of 0.0025 and 10 s. The topography effect on the MT responses is clearly observed. The size of variations correlated with the topography features seems to be comparable with most of the differences due to the shallow anisotropy introduced in our hypothetical model. Thus, inaccuracies in the topography model may effectively mask small anisotropy that would qualitatively conform to assumed anisotropies in the hydraulic permeabilities (e.g. Bonafede & Cenni 1998 ).
C O N C L U S I O N S
We have presented an adaptive finite element solver for MT forward problem in 2-D generally anisotropic media, aiming, in particular, at improved rendering of arbitrarily shaped structural boundaries, rough topographies and bathymetries. Comparing results of the adaptive FE modelling with those of the commonly used 2-D FD code by Pek & Verner (1997) and its extension by Pek & Toh (2000) , we can conclude that both the FD and FE schemes can give results of practically the same accuracy for model structures without oblique topography/bathymetry undulation. However, the FD code for 2-D anisotropic MT forward modelling is not suitable for models with oblique boundaries due to the forced mesh alignment of the boundaries and a staircase approximation of the topography/bathymetry features. The mesh design is fully manual in the FD code; so, the numerical accuracy of the model results is not independent of the user's experience in constructing the mesh in complex, multi-period and often multi-scale electrical models. The use of the unstructured mesh in the FE approach enables us to model arbitrarily complex 2-D structures. Adaptive finite element methods provide a powerful approach for numerical modelling of complex problems and can automatically improve mesh design and offer reliable solution at a reasonable computational cost.
Although our numerical examples mainly aimed at showing the effect of the adaptive FE code in practical situations, some general features regarding the influence of anisotropy on the MT data could be inferred as well. Our modelling results show a clearly nonnegligible effect of the vertical electrical anisotropy in seafloor MT data. This factor is often disregarded in MT studies, mainly because of complete insensitivity of MT data to the vertical anisotropy of purely layered media. In the seafloor conditions, the primary, inducing magnetic field may be largely attenuated, and the MT responses rely to a considerable degree on the secondary, scattered fields. In a purely vertically anisotropic structure, only TM mode responses are affected by the vertical anisotropy and only in some close vicinity of laterally non-uniform domains of the model. We observed that this effect is non-negligible in our model setting, with the anisotropy concentrated in the sedimentary layer beneath the sea bottom (Fig. 4) , and the anisotropy effect can be sensed laterally at a distance of a few widths of the anomalous inclusions in the ρ yx and yx curves. Vertical anisotropy of isolated inhomogeneities seems to be of almost negligible effect, at least for bodies used in simulating hypothetical magma chamber bodies beneath some volcanoes (Fig. 11) .
In a general anisotropy case, MT responses of both the TE and TM-modes are affected by the anisotropy, and generally nonvanishing diagonal impedances are generated as well. In our seafloor models, the secondary impedances were very small as a rule, of magnitudes not particularly useful for practical interpretations. In the volcano model with rough topography, however, considerable secondary impedances appear due to the anisotropy (Figs 10 and 11), which are further modulated by topographic undulations and lateral non-uniformities in the underground. These effects are highly model-specific, but, by comparing the responses for isotropic and anisotropic models at different periods (Fig. 10) , they may be decomposed into an anisotropy induction part and a generally directed (i.e. not aligned with the structural strike) static distortion due to the interaction between the anisotropy and topography.
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